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The molecular design of nanoporous membranes with desired morphology and selectivity
has attracted significant interest over the past few decades. A major problem in their applica-
tions is the trade-off between sieving property and permeability. Here, we report the discov-
ery of elongation-induced nano-pore evolution during the external stretching of a novel poly-
amide-imide nanofiltration hollow fiber membrane in a dry-jet wet-spinning process that
simultaneously leads to a decreased pore size but increased pure water permeability. The
molecular weight cutoff, pore size, and pore size distribution were finely tuned using this
approach. AFM and polarized FTIR verified the nano-pore morphological evolution and an
enhanced molecular orientation in the surface skin layer. The resultant nanofiltration mem-
branes exhibit highly effective fractionation of the monovalent and divalent ions of NaCl/
Na2SO4 binary salt solutions.More than 99.5% glutathione can be rejected by the nanofiltra-
tion membranes at neutral pH, offering the feasibility of recovering this tripeptide. VVC 2009
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Introduction

Since its inception in the early 1970s, nanofiltration (NF)
has grown rapidly and become very important for liquid
based separation processes through its unique ability to
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separate and fractionate ionic and low molecular weight or-
ganic species.1 NF is one of a class of pressure-driven mem-
brane separation processes, with a nominal molecular
weight cutoff (MWCO; molecular weight of solute that is
90% rejected by the membrane) ranging from 200 to 1000
Dalton and pore sizes of about 0.5–2.0 nm.2 It offers advan-
tages of higher retention than ultrafiltration (UF) and lower
pressure requirement than reverse osmosis (RO).3 The major
separation mechanisms of NF involve a steric (size exclu-
sion) effect and an electrostatic partitioning interaction
(Donnan exclusion) between the membrane and an external
solution.4 Therefore, NF has become a promising separation
and purification method in water treatment,5,6 and in the
chemical,7 pharmaceutical,8,9 petrochemical,10 and other
industries.

Most conventional NF membranes are made of thin film
composites (TFC). Generally, these membranes consist of a
thick, porous, nonselective support layer covered by an ultra-
thin barrier layer, which is prepared by interfacial polymer-
ization, coating or chemical modification.11 The several so-
phisticated steps involved in the fabrication process render it
time consuming and cost ineffective. Moreover, most NF
modules are still made in the spiral-wound configuration by
using flat-sheet membranes wound around a central tube.
Compared to flat-sheet membranes, hollow fibers have the
following advantages: (1) a much larger membrane area per
unit membrane module volume, resulting in a higher produc-
tivity; (2) self-mechanical support, allowing the membrane
to be back-flushed for liquid separation; and (3) good flexi-
bility and ease of handling during module fabrication and
system operation. Nevertheless, the applications of hollow
fiber membranes are still limited due to their low water per-
meability relative to that of flat-sheets primarily because
they are usually spun from dopes containing much higher
concentrations than those used for the fabrication of flat
sheet membranes to maintain self-supported mechanical
strength and withstand high testing pressures.12 In addition,
the high shear rates and stresses during the spinning process
generally enhance chain orientation, and thus, produce lower
water permeability and higher solute rejection.13 Clearly,
technological breakthroughs are needed to enhance the water
permeability of hollow fiber membranes while still retaining
their separation efficiency. The objective of this study is,
therefore, to explore the molecular engineering and charac-
terization of NF hollow fiber membranes with the desired
water permeability and pore size distribution. We accomplish
these tasks by controlling the elongation-induced membrane
pore morphology by external stretching of the fibers during
the spinning process.

Molecular engineering of pore size and chain orientation
in polymeric membranes has been used effectively to con-
trol the transport properties of both gases and liquids.14

Several researchers have investigated shear-induced molecu-
lar orientation and its effects on the performance of gas sepa-
ration15–17 and UF18,19 hollow fiber membranes. However,
much less work has been done on the elongation-induced mor-
phological evolution during the preparation of NF hollow fiber
membranes. Wang and Chung first observed an interesting
consequence of elongation-induced nano-pore formation dur-
ing the fabrication of a novel polybenzimidazole (PBI) NF
hollow fiber membrane20; the effective mean pore size

decreased whereas the pure water permeability (PWP)
increased with an increase in the elongational draw ratio. This
phenomenon is quite different from that reported on the
effects of elongational draw ratio on UF membranes and gas
separation membranes,15–19 and these observations stimulated
our interest in further investigating elongation-induced nano-
pore evolution in other NF membranes. To the best of our
knowledge, no in-depth studies on this subject have yet been
reported. Because the hollow fiber configuration is the pre-
ferred choice for industrial membrane systems and the use of
high take-up speeds is favorable in the spinning pro-
cess,12,21,22 this study may have great potential in developing
tailor-made high-performance NF membranes for various
industrial applications.

In this study, Torlon
VR
4000TF polyamide-imide (PAI), as

shown in Figure 1,23 was adopted as the membrane material
because it has both superior mechanical properties typically
associated with polyamides, and high thermal stability and
solvent resistance associated with polyimides.24 Torlon

VR
has

been used widely in the injection molding of engine parts
for racing cars, of molded parts for the space shuttle, and of
many other critical components. Only recently has Torlon

VR

been applied in the membrane field, in areas such as vapor
permeation,25 pervaporation,24,26,27 and gas separation.28–30

Although Torlon
VR

has also been utilized to fabricate NF
membranes, it has only served as the supporting layer in
flat-sheet membranes.31 The uniqueness of our work is in
that wholly integral Torlon

VR
PAI NF membranes are fabri-

cated from a polymer/solvent binary system in the absence
of additives by a one-step phase-inversion process without
further modification.

In addition to the molecular engineering of Torlon
VR
PAI

NF hollow fiber membranes and the fundamentals of elon-
gation-induced nano-pore evolution, we also investigate the
newly developed NF hollow fiber membranes for ion frac-
tionation and the separation of glutathione from aqueous
solutions. Glutathione (L-c-glutamyl-L-cysteinylglycine), a
tripeptide, is the most abundant low-molecular-weight thiol
compound in living organisms. It has already been used
widely as a therapeutic drug because of its multiple biologi-
cal functions as an antioxidant, immunity booster, and
detoxifier.32 Currently, this tripeptide is produced by yeast
fermentation, chemical and enzymatic methods.33 Because
the glutathione molecule contains the amino (ANH2), car-
boxyl (ACOOH), and thiol (ASH) groups, its ionization
state varies with aqueous solution pH, as shown in Figure 2.
On the basis of the interaction between ionized glutathione
molecules and the negatively charged membrane, NF could
become a promising candidate to recover, concentrate, and
purify glutathione from aqueous solutions by adjusting pH
values.34

Figure 1. The general structure for TorlonVR 4000T Poly
(amide imide).23
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Theoretical Background

Determination of mean effective pore size, pore size
distribution, and molecular weight cutoff

It has been found that the solute rejection RT for synthetic
membranes can be expressed by a log-normal probability func-
tion of solute size, as described in the following equation35:

RT ¼ 1� cp
cf

¼ erfðyÞ ¼ 1ffiffiffiffiffiffi
2p

p
Z y

�1
e�ðu2=2Þdu (1)

where cf and cp are the feed and permeate stream concentra-
tions, respectively, y ¼ ln rs�ln ls

ln rg
, rs is the solute radius, ls is the

geometric mean solute radius at RT ¼ 50%, and rg is the
geometric standard deviation about ls, defined as the ratio of
rs at RT ¼ 84.13% to that at RT ¼ 50%. When the solute
rejection of a membrane is plotted against solute radius on log-
normal probability coordinates, a straight line is obtained:

FðRTÞ ¼ Aþ Bðln rsÞ (2)

By ignoring the influence of steric and hydrodynamic
interactions between the solute and the pores on the solute
rejection, the mean effective pore radius (lp) and the geo-
metric standard deviation (rp) can be assumed to be the
same as ls and rg, respectively. Therefore, based on lp and
rp, the pore size distribution of an NF membrane is given by
the probability density function36:

dRTðrpÞ
drp

¼ 1

rp ln rp
ffiffiffiffiffiffi
2p

p exp �ðln rp � ln lpÞ2
2ðln rpÞ2

" #
(3)

where rp is the effective pore radius of the membrane. The
values of lp and rp determine the position and sharpness of the
distribution curves, respectively.

In this study, different solutions containing single neutral
solutes were used to measure the solute rejection (RT) by
relying on the relationship between Stokes radius rs and mo-
lecular weight, MW of these known neutral solutes, which
can be expressed by the following equation37:

log rs ¼ �1:32þ 0:395 logMW (4)

with units of nm for rs and g/mol for MW. From this equation,
the radius of a hypothetical solute at a given MW can be

obtained. This equation can also be used back to calculate MW
of an unknown solute at a given radius.

Determination of reflection coefficient r, the solute
permeability P, and effective charge density UX

Solute transport phenomena during the nanofiltration pro-
cess can be described using irreversible thermodynamics.
Kedem and Katchalsky38 proposed the relation between the
volumetric flux Jv and the solute flux Js through a membrane
to be

Jv ¼ LpðDp� rDpÞ (5)

Ls ¼ ðP=dÞðcf � cpÞ þ ð1� rÞJv�c (6)

Equations 5 and 6 indicate that transport across a mem-
brane is characterized by four transport parameters, i.e., the
PWP Lp, the reflection coefficient r, and the intrinsic solute
permeability P as well as the membrane thickness, d.

When the concentration difference between the feed and
the permeate is high, Spiegler and Kedem39 improved this
model to express it in a differential form as follows:

Js ¼ �P
dc

dx

� �
þ ð1� rÞJvc (7)

Integration of Eq. 7 across the membrane thickness yields
the Spiegler-Kedem equation:

RT ¼ 1� cp
cf

¼ rð1� FÞ
1� rF

; (8)

where

F ¼ exp � 1� r
P=d

� �
Jv

� �
:

The Spiegler-Kedem equation is usually applied when
there are no electrostatic interactions between the membrane
and neutral solutes. From Eq. 8, one can see that the reflec-
tion coefficient r corresponds to the maximum rejection at
an infinitely high permeate volume flux. The values of r and
P/d can be determined directly from experimental data on
the real rejection RT, as a function of Jv by any suitable
regression method. Instead of the intrinsic permeability, P,

Figure 2. Ionization states of glutathione at different pH values.

pKa1 ¼ 2.12, pKa2 ¼ 3.59, pKa3 ¼ 8.75, pKa4 ¼ 9.65.
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the solute permeability, P/d, which is defined by Spiegler
and Kedem, is reported because the membrane thickness is
difficult to measure accurately.

For monovalent electrolytes (e.g., NaCl), membrane pa-
rameters r and P can be determined by combining the
extended Nernst-Planck equation and the Donnan equilib-
rium theory, in accordance with the Teorell-Meyer-Sievers
(TMS) model with the following results40:

r ¼ 1� 2

ð2a� 1Þnþ ðn2 þ 4Þ0:5 (9)

P ¼ Dsð1� rÞe (10)

where n is defined as the ratio of the fixed charge density (X)
of the membrane to the electrolyte concentration (cm) at the
membrane surface, e is the membrane porosity, a is the
transport number of cations in free solution, defined as a ¼ D1/
(D1 þ D2), where D1 and D2, the diffusivities of Na

þ and Cl�,
are 1.33 � 10�9 and 2.03 � 10�9 m2/s, respectively.41

Because the fixed charge density varies with electrolyte
concentration, the effective charge density, UX was introduced
in the following empirical equation40,42:

UX ¼ Kcnm (11)

where K and n are constants. The effective charge density of a
membrane can thus be determined as a function of NaCl
concentration if r and a are available.

Experimental

Materials

Torlon
VR
4000TF polyamide-imide with the chemical struc-

ture shown in Figure 1 was purchased from Solvay
Advanced Polymers. N-methyl-2-pyrrolidinone (NMP) was
purchased from Merck and used as the solvent for the spin-
ning solution. Uncharged neutral solutes of glucose, saccha-
rose, raffinose, and a-cyclodextrin (Sigma-Aldrich) were uti-
lized to characterize membrane structure parameters. Molec-
ular weights, diffusivities, and Stokes radii of neutral solutes
are listed in Table 1.40 Several analytical-grade salts, i.e.,
NaCl, MgCl2, MgSO4, and Na2SO4 (Merck, Germany) were
used to characterize the charge properties of the membranes.
Glutathione (C10H17N3O6S, MW: 307.33, white powder) was
purchased from Sigma-Aldrich. All chemicals were used as
received.

Preparation of TorlonV
R

PAI NF hollow fiber
membranes

The hollow fiber membranes were prepared by the dry-jet
wet-spinning process. Torlon

VR
polymer was first dried in a

vacuum oven at 120�C overnight to remove moisture, and
then dissolved in NMP. The mixture was stirred for 24 h to
form a homogeneous polymer solution, which was then set
aside for 2 days to eliminate air bubbles that may have been
trapped in the solution. The dope solution and the bore fluid
were fed into the annulus and the inner tube of the spinneret
separately by two ISCO syringe pumps. After the dope and
the bore fluid met at the tip of the spinneret, they passed
through an air gap region before entering the coagulation
(water) bath. Finally, the as-spun hollow fibers were col-
lected by a take-up drum. The experimental setup and the
spinneret are described in Schematics 1 and 2 of the Sup-
porting Information material. The detailed spinning condi-
tions for the Torlon

VR
PAI NF hollow fiber membranes are

listed in Table 2.
Elongational stretching with the aid of various take-up

speeds was performed on the spinning line during dry-jet
wet spinning. The elongational draw ratio u is defined as the
ratio of the cross sectional area of the dope flow channel in
the spinneret to the solid cross-sectional area of the precipi-
tated hollow fiber membrane as follows:

u ¼ ðOD2 � ID2ÞSpinneret
ðOD2 � ID2ÞHollow�fiber

(12)

where OD and ID refer to the outer and inner diameters (IDs),
respectively. After spinning, the as-spun hollow fiber mem-
branes were rinsed in a clean water bath for 3 days to remove
the residual solvent. The hollow fiber membranes were then
divided into two groups for post-treatments. One group was
dipped in a 30 wt % glycerol aqueous solution for 48 h and
dried in air at ambient temperature to be used in the making of
membrane modules. The soaking of membranes in a liquid
pore stabilizer such as an aqueous glycerol solution is a
standard post-treatment method in industry to prevent pores
from closing during drying. The other group was subjected to
solvent exchange by immersing the membranes in methanol
three times for 30 min at a time, and then in n-hexane three
times, also for 30 min per time under stirring. The purpose
of the solvent exchange process is to lower the surface tension
of the liquid present in the membranes pores to preserve the
membrane pore morphology in the dry state.43 Finally, these
fibers were dried in air at ambient temperature for further
characterizations by SEM, AFM, and polarized FTIR.

Table 1. Diffusivities and Stokes Radii of Neutral Solutes in
Aqueous Solutions (at 25�C)40

Solute MW (g/mol) Ds (�10�9 m2/s) rs (nm)

Glucose 180 0.67 0.365
Saccharose 342 0.52 0.471
Raffinose 504 0.42 0.584
a-Cyclodextrin 972 0.35 0.701

Table 2. Spinning Conditions of Torlon
VR
PAI NF Hollow

Fiber Membranes

Torlon
VR
dope solution (wt %) Torlon

VR
/NMP (26.0:74.0)

Dope flow rate (ml/min) 6.0
Bore fluid composition (wt %) NMP/Water (90:10)
Bore fluid flow rate (ml/min) 3.0
Air gap (cm) 5
Take-up speed (m/min) A: 15.0, B: 32.6, C: 54.6
External coagulant Tap water, 26 � 1�C
Dope temperature (�C) 26 � 1
Bore fluid temperature (�C) 26 � 1
Room humidity (%) 65–70
Dimension of spinneret (mm) i.d./o.d. (1.05/1.6)
Die length L of spinneret (mm) 6.5
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Characterization

The morphology of the hollow fiber membranes spun at
different take-up speeds was observed by a scanning electron
microscope (SEM JEOL JSM-5600LV) and a field emission
scanning electron microscope (FESEM JEOL JSM-6700F).
Before observation, the dried hollow fibers were immersed
in liquid nitrogen, fractured, and then coated with platinum
using a JEOL JFC-1300 Platinum coater.

The membrane surface topology was examined using a
Nanoscope IIIa atomic force microscope (AFM) from Digi-
tal Instruments. For each membrane, an area of 500 nm �
500 nm was scanned at a rate of 1 Hz using the tapping
mode. The analysis of AFM pictures was carried out as
described elsewhere.44,45 Various roughness parameters
such as the mean roughness (Ra), root mean square Z values
(Rms), and maximum vertical distance between the highest
and lowest data points (Rmax) were used to quantify the
differences between various membranes. The sizes of nod-
ule aggregates in both the x- and y-directions were deter-
mined from the averages of at least 10 sections of several
fibers.

Polarized FTIR spectra of the hollow fiber membranes
were measured with a Bio-Rad UMA 500 IR microscope
attached with a Bio-Rad FTS 3500 FT-IR main bench. The
system is equipped with a liquid nitrogen-cooled MCT de-
tector and a polarizer. Measurements were carried out using
a retro-reflection mode. For each sample, the outer surface
reflectance was observed both in parallel and perpendicular
to the axis of the hollow fiber to study the molecular orienta-
tion near the membrane surface induced by elongational
stretching.

The overall porosity e of the hollow fiber membrane was
calculated as

e ¼ 1� qfiber
qTorlon

� �
� 100% (13)

where qTorlon is the density of the Torlon
VR

powder, 1.38 g/
cm3.46 The density of the hollow fiber membrane qfiber was
determined by Eq. 14, where the bulk volume V was obtained
by measuring the inner and outer diameters (ODs) of the
membrane under a microscope. The membrane weight m was
measured on a digital balance.

qfiber ¼
m

V
(14)

To characterize the membrane surface charge characteris-
tics, streaming potential measurements of Torlon

VR
PAI flat

membranes were performed with a SurPASS electrokinetic
analyzer (Anton Paar GmbH, Austria). Torlon

VR
PAI flat

membranes were prepared by casting the polymer solution
(with the same concentration as used for the spinning of the
hollow fibers) on a glass plate by a blade with a 60 lm gap.
Then, the as-cast membranes were immediately immersed
into water. The zeta potential of a membrane was deter-
mined from the streaming potential along its surface.47 A
0.01 M NaCl solution was circulated through the measuring
cell containing the membrane sample. The relative move-
ment of the charges in the electrochemical double layer gave

rise to the streaming potential, which was detected by
Ag/AgCl electrodes placed at both ends of the membrane
sample. The electrolyte solution conductivity, temperature,
and pH value were measured simultaneously. The classic
Helmholtz-Schmoluchowski equation was applied without
correction to calculate the apparent zeta potential.48 Manual
titration with 0.1 M HCl and 0.1 M NaOH was carried out
to study the pH dependence of the zeta potential and thus
determine the isoelectrical point (IEP).

Nanofiltration experiments with TorlonV
R

PAI NF
hollow fiber membranes

Nanofiltration experiments were conducted in a lab-scale
circulating filtration unit, described previously.49 Two mod-
ules for each hollow fiber sample were tested in the nanofil-
tration experiments, wherein each module comprised 10
fibers with an effective length of around 17 cm. Since the
outer surface of the hollow fibers was the selective layer, the
feed solution was pumped into the shell side, while the per-
meate solution exited from the lumen side of the hollow
fibers. A high flow rate of 1.6 l/min was applied so that the
effect of concentration polarization was minimized (Re [
4000). Before testing, the hollow fiber membranes were con-
ditioned at 12 bar for 0.5 h. Then, each membrane sample
was subjected to the pure water permeation experiment at 10
bar to measure the PWP (l/m2/bar/h), which was calculated
using the equation

PWP ¼ Q

DP � A (15)

where Q is the water permeation volumetric flow rate (l/h), A
is the effective filtration area (m2), and DP is the transmem-
brane pressure drop (bar).

The mean effective pore size and the pore size distribution
were obtained according to the protocol described below for
the solute transport experiments. Different solutions contain-
ing neutral solutes, inorganic salts, and salt mixtures, were
introduced to the membrane modules. The apparent solute sep-
aration coefficient RT (%) was calculated using the equation:

RTð%Þ ¼ 1� cp
cf

� �
� 100 (16)

where cp and cf are the solute concentration in the permeate
and the feed solutions, respectively.

The procedures for the nanofiltration experiments were as
follows:

1. Feed solutions were prepared by dissolving neutral
solutes in deionized (DI) water at a concentration of about
200 ppm. The pressure difference across the membrane and
the feed temperature were kept at 10 bar and 25�C, respec-
tively, for all the experiments. The feed solutions were circu-
lated for about 0.5 h until the system reached steady state.
Both feed and permeate solutions were collected to measure
the concentrations.

2. Nanofiltration experiments were conducted with neu-
tral organic solutes of progressively higher molecular
weights. Between runs of different solutes the membrane
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was flushed thoroughly with DI water. The solute separation
data were further used for the estimation of mean pore size
and pore size distribution of the membrane.

3. NaCl solutions of different concentrations were pre-
pared. The ion rejection by membranes was measured at dif-
ferent pressures to characterize the effective charge density
of the membranes.

4. Different electrolyte solutions were prepared by dis-
solving single salts in DI water at a concentration 0.01 mol/
l. The same experimental procedures as described in the
Step (1) were used to measure salt rejection.

5. Binary NaCl/Na2SO4 salt solutions with different con-
centration ratios were prepared to test the ion fractionation
performance of the membranes.

6. Glutathione solutions (200 ppm) were prepared by dis-
solving glutathione powder in DI water. NaOH (1.0 M) and
HCl (1.0 M) solutions were used to modify the pH of the
feed solutions; the solute rejection experiments were per-

formed following the procedures of Step (1) with pH values
between 3.3 and 8.8.

Concentrations of the neutral solute solutions were meas-
ured with a total organic carbon analyzer (TOC ASI-5000A,
Shimazu, Japan), while those of single electrolyte solutions
were measured with an electric conductivity meter (Schott
Instruments, Lab 960, Germany). Concentrations of different
ions in electrolyte mixtures were measured by ion chroma-
tography (Metrohm, 792 Basic, Switzerland). The solution
pH was determined using a pH meter (Horiba pH meter
D-54, Japan).

Results and Discussion

Effects of take-up speed on membrane morphology,
elongational draw ratio, and porosity

The typical morphology of Torlon
VR

hollow fiber mem-
branes is shown in Figure 3. The asymmetric membrane

Figure 3. Morphology of TorlonVR PAI NF hollow fiber membranes.

Take-up speed: 15 m/min.

Figure 4. Effects of take-up speed on the membrane structure of TorlonVR PAI NF hollow-fiber membranes.

The values at the left upper corner are the take-up speed and corresponding elongational draw ratio. The values at the left lower corner
are the OD and ID of the hollow fiber membranes.
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structure consists of an outer-selective skin, finger-like mac-
rovoids, a sponge-like substructure, and a porous inner skin.
The macrovoids are all oriented outwards, indicating that
they possibly originate from external water induced intrusion
during the phase inversion process.50 The dimensions of the
hollow fibers were affected by the take-up speed as illus-
trated in Figure 4. Both the OD and ID decrease with an
increase in take-up speed, with the OD decreasing more sig-
nificantly than the ID, resulting in a decrease in wall thick-
ness with increasing elongational draw ratio. The overall
porosities of the hollow fiber membranes spun at take-up
speeds of 15.0, 32.6, and 54.6 m/min were 69%, 58%, and
53%, respectively. The reduction in overall porosities indi-
cates the suppression of macrovoid formation with an
increase in take-up speed, which was discussed extensively
in our previous reports.22,51

Effects of take-up speed on mean pore size, pore size
distribution, and pure water permeability

The newly developed Torlon
VR
PAI NF hollow fiber mem-

branes were characterized by the solute transport method
described in Theoretical background to obtain the mean
effective pore size and pore size distribution. The relation-
ship between solute rejection and solute Stokes radius is

shown on the log-normal probability graph in Figure 5. Lin-
ear relationships are obtained with reasonably high correla-
tion coefficients (r2 [ 0.95). The mean effective pore radius
lp at RT ¼ 50%, the molecular weight cutoff (MWCO, the
molecular weight of solute at RT ¼ 90%) and the geometric
standard deviation rp calculated from the plots are listed in
Table 3. The pure water permeabilities, which were obtained
from Eq. 15, of the hollow fiber membranes spun at different
take-up speeds, are also listed in Table 3. The cumulative
pore size distribution curves and probability density function
curves of the PAI hollow fiber membranes calculated from
Eqs. 1 and 3 are depicted in Figures 6a,b, respectively. It
can be observed that the pore size distribution shifts towards
left and becomes narrower with an increase in take-up
speed.

Interestingly, from Table 3, it is noted that the PWP
increases, whereas MWCO and the mean effective pore ra-
dius decreases, when the take-up speed is increased at the
same dope flow rate, which has seldom been reported.20 Key
membrane properties that affect the rejection of organic mol-
ecules are MWCO, pore size, and membrane morphology.52

However, the PWP is dependant on pore size, surface poros-
ity, selective layer thickness, and tortuosity.53,54 In this sec-
tion, the effects of these parameters on the sieving property
and PWP will be discussed.

The surface morphologies of the hollow fibers spun under
different take-up speeds are shown in the AFM phase images
in Figure 7 (the scan size is 500 � 500 nm), where the yel-
low sites represent the nodules whereas the dark sites are ei-
ther the pores between the nodules or the nodules of lower
heights. Interestingly, at the lowest take-up speed of 15.0 m/
min, the phase image shows parallel stripes of higher and
lower regions oriented perpendicular to the spinning direc-
tion. This surface morphology may be a result of rapid

Figure 5. Log-normal probability plots of the effective
rejection curves (solute rejections vs. their
Stokes radii) for TorlonVR PAI NF hollow fibers
spun at different take-up speeds.

Table 3. Molecular Weight Cutoff, Mean Effective Pore Size
(rp), Geometric Standard Deviation (rp), and Pure Water
Permeability of Torlon

VR
PAI NF Hollow Fiber Membranes

Spun at Different Take-up Speeds

Fiber
Draw
Ratio u

MWCO
(Da)

rp
(nm) rp

PWP
(l/m2/bar/h)

A 3.49 1538 0.58 1.37 2.77
B 10.38 1126 0.51 1.38 3.52
C 20.24 976 0.46 1.42 5.39

Figure 6. (a) Cumulative pore size distribution curves and (b) probability density function curves of the TorlonVR PAI
NF hollow-fiber membranes spun at different take-up speeds.
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solvent exchange, precipitation, and solidification when the
hollow fiber enters the coagulation bath, with the significant
solvent outflow causing the membrane surface to wrinkle.
The stripe pattern disappears and a surface uniformly cov-
ered with nodules and valleys is formed at a higher take-
speed of 32.6 m/min. The effects of elongational stretch
become more profound at the highest take-up speed of 54.6
m/min, at which smaller pores intertwined with woven/fiber-
like structure are formed in the surface layer, implying a
severe segregation and stretch of nodules under elongational
drawing. We have previously reported a similar structure
induced by gravity at a higher air gap distance.55

One possible mechanism for the nano-pore morphological
evolution is due to ‘‘nucleation and growth’’ and ‘‘spinodal
phase separation,’’ as described in Figure 8. At low take-up
speeds, the flux ratio of in-flow coagulant to out-flow solvent
is low. As a result, the nascent fiber follows path (a) where
‘‘nucleation and growth’’ is the prevailing mechanism. The
resultant fiber surface has a nodule-like surface layer, as
observed in Figures 7A, B. A similar structure induced by
shear rate within the spinneret can be found in our previous
study.45 When the take-up speed is further increased, path
(b) becomes dominant. With the higher flux ratio of in-flow
coagulant to out-flow solvent, the nascent hollow fiber rap-
idly traverses the binodal curve and enters the unstable
region where ‘‘spinodal phase separation’’ takes place,56

leading to a woven/fiber-like porous structure shown in Fig-
ure 7C. Both ‘‘nucleation and growth’’ and ‘‘spinodal phase
separation’’ take place in path (b), but a high take-up speed

or draw ratio facilitates the spinodal decomposition and
forms a woven/fiber-like porous structure.55

A second possible mechanism is that of polymer chain
disentanglement and energy dissipation. To further elaborate
these phenomena, the membrane morphology was analyzed
in terms of the roughness parameters Ra, Rms, Rmax, and the

Figure 7. AFM images of the outer surface of TorlonVR PAI NF hollow fiber spun at different take-up speeds.

(a) Phase image, (b) 3D image. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

Figure 8. Phase diagram for a ternary system and the
coagulation path during the precipitation of a
TorlonVR PAI hollow fiber at a constant tem-
perature.

Path (a): nucleation and growth; Path (b): spinodal decom-
position. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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nodule dimensions in the x and y directions. As shown in
Table 4, the nodule sizes in both directions decreased while
the roughness parameters increased with increases in take-up
speed. It is believed that the nodular structure arises from
rapid demixing of the polymer solution, followed by rapid
vitrification.45,55,56 Since the Torlon

VR
/NMP spinning solutions

exhibits shear-thinning and strain-thinning rheological
behavior,30 it can be concluded that Torlon

VR
molecular

chains will stretch, disentangle, and slide over one another
during spinning at high elongational draw ratios. The dis-
entangled and aligned polymer chains may result in smaller
nodule sizes because of shorter-range interactions with

Table 4. Effects of Take-up Speed on Roughness and Nodule Size of the Outer Surface
of Torlon

VR
PAI NF Hollow Fiber Membranes

Fiber ID Ra (nm) Rms (nm) Rmax (nm)
Dimension of Nodules
in x-Direction (nm)

Dimension of Nodules
in y-Direction (nm)

A 0.72 (0.12) 0.93 (0.15) 10.71 (1.50) 72.5 (5.1) 70.6 (5.0)
B 1.41 (0.25) 1.74 (0.17) 14.33 (1.87) 50.9 (4.5) 50.9 (4.7)
C 1.55 (0.21) 1.97 (0.14) 16.30 (1.65) 35.2 (5.5) 35.2 (4.2)

Ra, mean roughness; Rms, root mean square of Z values; Rmax, maximum vertical distance between the highest and lowest data points.
The values in the brackets are standard deviation. y-direction is the spinning direction

Figure 9. FESEM images of the near outer layer of TorlonVR PAI NF hollow fiber membranes spun at different take-
up speeds.

Figure 10. Polarized FTIR spectra of TorlonVR PAI NF hollow fiber membranes.

Solid line: Parallel to spinning direction; Broken line: Perpendicular to spinning direction. The inset images are the proposed structures of
polymer molecules near the surface. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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surrounding molecules compared to those of the un-
stretched and entangled chains. The smaller nodule size
results in a smaller surface pore size due to easier and
higher density packing of the nodules (see Figure 7),
whereas the shorter-range interaction reduces the skin
selective-layer thickness (see Figure 9) due to fewer chain
entanglements with surrounding molecules. The smaller
pores sizes ensure a higher solute rejection coefficient,
while the thinner selective layer with reduced transport re-
sistance allows for enhanced solvent fluxes. In addition,
the high draw ratio may not only stretch the nascent nod-
ules to form elongated fibers but also deform and elongate
the pores beneath the skin surface to give narrower open-
ings for enhanced solute rejection. The surface morphology
shown in Figure 7C is a combined result of rapid phase
inversion and high elongational drawing; the nano-size
pores for separation may be located immediately under-
neath the skin surface.

To further verify the enhancement of molecular orienta-
tion in the skin layer with higher draw ratio, the membranes
were characterized by polarized FTIR, which can detect
directional inhomogeneities within a thin surface layer with
a depth of less than �150 nm.57 The selective layer thick-
nesses of all membranes that we developed are close to or
below this limit, as shown in the FESEM images in Figure 9.
The FTIR spectra are shown in Figure 10. The solid lines
represent the spectra measured with the polarization parallel
to the spinning direction, while the broken lines represent

the spectra with perpendicular polarization. There was only a
small difference in reflectance between the parallel and per-
pendicular polarizations measured for the membranes spun
at a low take-up speed. With increasing take-up speed, how-
ever, the difference becomes larger, indicating that a perpen-
dicularly oriented skin was formed on the PAI hollow fiber
membrane. These results indirectly confirm a significant dif-
ference in macromolecular stretch and orientation induced
by the elongation stress during hollow fiber spinning that
may create fiber-like nodules and elongated pores with
enhanced rejection.

Membrane characterization using single
electrolyte solutions

The charge characteristics of Torlon
VR
PAI NF membranes

were studied in terms of zeta potential, reflection coefficient,
effective charge density, and rejection of single electrolyte sol-
utions. As shown in Figure 11, the Torlon

VR
PAI membrane has

a slightly positive zeta potential below the isoelectric point of
approximately pH 3.2, and is negatively charged above pH
3.2. This type of zeta potential curve is the characteristic of
amphoteric surfaces consisting of carboxyl and amine func-
tional groups on the membrane surface, in accordance with the
molecular structure of Torlon

VR
PAI illustrated in Figure 1.

Therefore, the protonation of the amine functional groups
leads to a positive surface charge below the isoelectric point,
while the de-protonation of the carboxyl groups results in a
negative charge above the isoelectric point.58

The reflection coefficient and charge density of the PAI
hollow fiber membranes were determined from the transport
and separation of NaCl at different pressures, and at different
concentrations ranging from 1.0 to 50.0 mM. The Spiegler-
Kedem model as written in Eq. 8, was regressed on the real
rejection data as shown in Figure 12 to yield the membrane
parameters r and P/d listed in Table 5. The Teorell-Meyer-
Sievers model as written in Eqs. 9 and 11 was used to esti-
mate the effective charge density (UX) of the NF membranes
from r at different NaCl concentrations, as shown in Figure
13. It is clear that the membranes with smaller pore sizes
have a higher rejection and a higher effective charge density
than those with larger pore sizes. Interestingly, for each
membrane the rejection decreased (Figure 12) while the
effective charge density increased (Figure 13) with an

Figure 11. Zeta potential of TorlonVR NF membrane as a
function of pH.

Experiments were carried out with 0.01 M NaCl.

Figure 12. Rejections as function of permeate volume flux Jv with different NaCl concentrations.

(a) Membrane A with rp ¼ 0.58 nm; (b) Membrane C with rp ¼ 0.46 nm. The curves are fitted by the Spiegler-Kedem equations.
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increase in electrolyte concentration. This is due to the
reduction of the electrical double layer thickness within the
pores with increases in the concentration of the electrolyte.59

Because the NF membranes are negatively charged at pH
5.75, they show different rejections for anions and cations
with different valences. At the same molar concentration
(0.01 mol/l), the rejections of four kinds of electrolytes
measured at different pressures, as shown in Figure 14,
decrease in the order R(Na2SO4)[ R(MgSO4)[ R(NaCl) [
R(MgCl2). In other words, the membranes show a higher
rejection of divalent anions with higher co-ion charge than
monovalent anions, and a lower rejection of divalent cations
with higher counter-ion charge, corresponding to Donnan
exclusion principle.60 A slight deviation is the higher rejec-
tion of MgSO4 than NaCl. According to Donnan exclusion,
the rejection of these symmetric electrolytes should be equal.
This deviation is due to the larger hydrated radii and smaller
diffusivities of the Mg2þ and SO2�

4 ions than those of Naþ

and Cl�.61 It can also be observed from Figure 14 that the
solute rejection increases with increasing pressures. This is
due to the fact that the water permeate flux through the
membrane is related linearly to the applied pressure differ-
ence, whereas the solute flux is dependent on several factors
such as the concentration gradient over the membrane, the
interaction between solute and fluid, and the water permeate
flux. As a result, with increasing pressure difference, the
water flux increases relatively faster than does the solute
flux, which causes a decrease in solute permeate concentra-
tion and an increase in solute rejection.

Ion fractionation by TorlonV
R

PAI NF membranes in the
electrolyte mixture solutions

Generally, most electrolyte solutions may contain several
salts that need to be separated through the membrane pro-
cess. In this section, a standard binary salt mixture contain-
ing Na2SO4 and NaCl was used to test the ion fractionation
performance of the as-spun PAI NF membrane. The concen-
tration of Na2SO4 was kept at 0.01 mol/l while NaCl was
added in increments to the system to change the concentra-
tion stepwise from 0.005 mol/l to 0.04 mol/l. As shown in
Figure 15, more than 90% of Na2SO4 was rejected by the
membrane while a negative rejection of NaCl at a low con-
centration was observed. This is due to the fact that Cl� ions
are forced to permeate preferentially compared to SO2�

4 ions
since Cl� has a lower valence, higher diffusivity, and
smaller hydrated radius.62 Naþ ions also permeate together
with Cl� to maintain electroneutrality on both sides of the
membrane, in accordance with the Donnan exclusion predic-

tions.60 At higher Cl� concentrations, the priority of Cl�

over SO2�
4 to permeate the membrane was lowered, thus

increasing the rejection of Cl� and decreasing the rejection
of SO2�

4 . The results shown in Figure 15 indicate that at a
high concentration ratio of SO2�

4 to Cl�, these two ions
could be effectively fractionated by the negatively charged
Torlon

VR
PAI NF membranes.

Glutathione separation by TorlonV
R

PAI NF
hollow fiber membranes

As an amphoteric electrolyte molecule, in aqueous solu-
tion glutathione acts as both base (proton acceptor) and acid
(proton donor), given that glutathione molecules includes
amino (ANH2), carboxyl (ACOOH), and thiol (ASH)
groups. As illustrated in Figure 2, glutathione is positively
charged below pH 2.12 and negatively charged above pH
3.59. Within the range of 2.12 \ pH \ 3.59, the molecule
becomes net neutral. On the basis of the dissociation con-
stants (pKa values) of the amino groups in glutathione, the
fraction of different ionization states at different pH values
can be expressed by the following Henderson-Hasselbalch
equation63 plotted in Figure 16 (light broken curves):

pH ¼ pKa þ log
½proton acceptor�
½proton donor�

� �
(17)

Because Torlon
VR

PAI NF membranes are also negatively
charged at pH [ 3.2 as shown in Figure 11, glutathione can
be rejected by the NF membranes over a wide range of pH.

Table 5. Reflection Coefficient and Permeability of Various Concentrations of NaCl Determined
from the Spiegler–Kedem Equations

Membrane ID A C

NaCl
(mM)

Reflection
Coefficient, r

Solute Permeability,
P/d (�10�2 m/s)

Reflection
Coefficient, r

Solute Permeability,
P/d (�10�2 m/s)

1.0 0.857 0.72 0.898 0.66
3.4 0.692 1.19 0.850 1.11

10.0 0.435 1.62 0.550 1.19
50.0 0.201 2.40 0.363 4.64

Figure 13. The effective charge density as a function of
bulk NaCl molar concentration.

The curves are fitted according to Eq. 11.
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Nanofiltration rejection of glutathione by membrane C
with rp ¼ 0.46 nm was measured at a pressure of 10 bar. As
illustrated in Figure 16, more than 99.5% glutathione is
rejected above pH 4.5. At pH values around the pI (2.12–
3.59), the rejection of glutathione (�57.1%) is slightly
higher than that of saccharose (�50.6%), which has almost
the same molecular weight as glutathione. These results con-
firm that solution pH has the dominant effect on the separa-
tion of glutathione because pH determines the ionization
states of the glutathione molecules and surface charge char-
acteristics of the PAI membranes. The rejection of glutathi-
one is also dependent on the pore size (steric exclusion) and
the electrostatic interaction between solutes and membrane.

Conclusions

A novel Torlon
VR

polyamide-imide nanofiltration hollow
fiber membrane was developed using the dry-jet wet-spin-
ning process. We found that the external stretching had a
great influence on membrane structure, nano-pore formation,
and nanofiltration performance. AFM images demonstrate
that a high take-up speed favors the ‘‘spinodal decomposi-
tion’’ rather than the ‘‘nucleation and growth’’ mechanism,
which increases surface porosity, and thus, increases PWP.
Polarized FTIR verified that the molecular orientation was
perpendicular to the spinning direction. The pore size and
the MWCO decreased while the PWP increased with an
increase in take-up speed. Therefore, this study demonstrates
that high take-up speed spinning improves not only the pro-

ductivity of hollow fibers, but also the solute rejection and
the water permeability, which may become a meaningful in-
structive guideline in the fabrication of high performance
hollow fiber membranes. The Torlon

VR
PAI hollow fiber

membrane spun at 54.6 m/min has a mean pore radius of
0.46 nm and a narrow pore size distribution. The PWP was
achieved at 5.39 l/m/bar/h.

The Torlon
VR
PAI NF membranes show the highest rejec-

tion of divalent anions, a lower rejection of monovalent
ions, and the lowest rejection of divalent cations, which is in

Figure 15. Salt rejection of the binary mixture of NaCl/Na2SO4 solution as a function of NaCl concentration.

(a) Membrane A with rp ¼ 0.58 nm; (b) Membrane C with rp ¼ 0.46 nm. (Na2SO4 concentration was kept at 0.01 mol/l, pH 5.75).

Figure 16. The rejection of glutathione (200 ppm) as
affected by the solution pH by membrane C
with rp 5 0.46 nm.

Figure 14. The rejection of different salts at different pressures.

(a) Membrane A with rp ¼ 0.58 nm; (b) Membrane C with rp ¼ 0.46 nm. (The bulk solution concentration: 0.01 mol/l, pH 5.75).
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accordance with the Donnan exclusion principle. Zeta-poten-
tial measurements indicate that the isoelectric point of
Torlon

VR
PAI membrane is 3.2, above which the membrane

is negatively charged. With a binary NaCl/Na2SO4 solution,
a negative rejection of Cl� and a high rejection of SO2�

4

were observed indicating the potential use of these mem-
branes for the fractionation of salt mixtures.

A greater than 99.5% rejection of glutathione molecules
was obtained using the newly-developed Torlon

VR
PAI NF

hollow fiber membrane on appropriate adjustment of the
feed solution pH. Therefore, based on the interaction
between the charged membrane surface and the ionized glu-
tathione molecules under different pH conditions, these new
membranes hold great potential for the effective recovery,
concentration, and purification of glutathione like molecules
from aqueous solution containing lower molecular weight
impurities.
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Notation

A ¼ effective filtration area of membrane (m2)
cf ¼ solute concentration in the feed solution (mol/m3)
cm ¼ concentration at the membrane surface (mol/m3)
cp ¼ solute concentration in the permeate (mol/m3)
Di ¼ diffusivity of ion i in free solution (m2/s)
Ds ¼ diffusivity of solute in the solution (m2/s)
Js ¼ solute or ion flux (mol/m2/s)
Jv ¼ permeate flux (m3/m2/s)

MW ¼ molecular weight (Da)
MWCO ¼ molecular weight cutoff (Da)

OD ¼ outer diameter (lm)
ID ¼ inner diameter (lm)
P ¼ Intrinsic solute permeability (m2/s)

Dp ¼ trans-membrane pressure drop (bar)
pKa ¼ ionization equilibrium constant (–)

PWP ¼ pure water permeability (l/m2/bar/h)
Q ¼ water permeate flux (m3/h)
rs ¼ solute Stokes radius (nm)
rp ¼ effective pore radius (nm)
RT ¼ solute rejection (–)
a ¼ transport number of cations in free solution defined as a ¼

D1/(D1 þ D2)
d ¼ membrane thickness (m)
e ¼ overall porosity (–)

lp ¼ mean effective pore radius (nm)
ls ¼ geometric mean radius of solute at RT ¼ 50% (nm)
n ¼ ratio of effective volume charge density (UX) of membrane

to the electrolyte concentration (cm) at the membrane surface
Dp ¼ osmotic pressure difference (bar)
r ¼ reflection coefficient (–)
rg ¼ geometric standard deviation about ls (–)
rp ¼ geometric standard deviation about lp (–)
UX ¼ effective membrane charge (mol/m3)
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